AD73O10 


GULF  RADIATION  TECHNOLOGY 


Gulf-RT-A10767 


ELECTRONIC  AND  IONIC  REACTIONS 
IN  ATMOSPHERIC  GASES 

Yearly  Technical  Summary  Report 
September  1,  1970,  through  June  30,  1971 

by 

R.  H.  Neynaber,  J.  A,  Rutherford,  and  D.  A.  Vroom 


Prepared  for 
Defence  Nuclear  Agency 
under 

Contract  DASA01-69-C-0044 


Approved  for  public  release;  distribution  unlimited. 


Roprodi.rd  by 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

Sonr»if*iiid  Va  2J15I 

July  28,  1971 


GULF  RADIATION  TECHNOLOGY 

A  DIVISION  OF  GULF  ENERGY  &  ENVIRONMENTAL  SYSTEMS  COMPANY 
P  0  BOX  808,  SAN  DIEGO,  CALIFORNIA  92112 


UNCLASSIFIED 


i  DOCUMENT  CONTROL  DATA  ■  R  *  I 

|  fSecurl.y  tlatallleallan  a 1  III  la,  My  at  abitract  and  Indaalnt  annotation  tmial  ba  antarad  whan  lha  ovaratl  report  t.  rfei.lltrd 

i  oeioiN*  tino  activity  (Corpataia  authat) 

Gulf  Radiation  Technology 

P.  0.  Box  608 

San  Diego,  California  92112 

IC.  RIRORT  IICURITV  CLASSIFICATION 

UNCLASSIFIED 

2b  GROUP 

3  RINORT  TITLI 

Electronic  and  Ionic  Reactions  in  Atmospheric  Gases 

«.  OK«c*ie  nvc  NGTKr.  yiype  ef  repert  enrf  fnc/uetre  rfereej 

Yearly  Summary  Report  -  SeDtember  1.  1970  throuch  June  30.  1971 

»  4U  TH04HI  (tint  naa*.  mti*a  Initial,  laal  naaia)  * 

R.  H.  Neynaber  -  J.  A.  Rutherford  -  D.  A.  Vroom 

e  RIRORT  DATE 

July  1971 

la.  TOTAL  NO.  OF  FAtll  7ft.  NO  OF  HIM 

102  26 

•«.  CONTRACT  OR  ORANT  NO. 

DASA  01-69-C-0044 

ft.  fnojiict  no. 

NWER  XAXH 
*•  Task  and  Subtask  D010 

d.  Work  Unit  01 

M.  O  RUIN  A  TO  R*l  RIRORT  NUMMRUl 

Gulf-RT-A10767 

•6.  OTHER  RCROR  i‘  NOIII  (Any  othar  numbata  that  may  ba  aaalpnad 
thla  raport) 

DNA  2753F 

10  DltTRIRUTION  IT ATIMCNT 

Approved  for  public  release;  distribution  unlimited. 

n  iurrlimint art  noth 

i».  *eere*c  r 

11.  fPONtOMIN.  MILITANT  ACTIVIfY 

Director 

Defense  Nuclear  Agency 

Washineton.  D.  C.  *0305 

+ 

Laboratory  measurements  indicate  that  the  mctastable  ions  of  O  in  reaction 
with  N2  in  the  low-energy  range  (14  eV)  react  to  form  principally  N| ,  while  the 
ion  molecule  reaction  to  form  NO*  has  a  very  small  probability.  The  ground-state 
0+  reacts  mainly  to  form  NO^,  The  abundance  of  metastable  0+^D  ions  was  deter- 

#  J.O 

mined  using  the  observation  that  O  *D  +  N2  has  a  small  cross  section  for  forming 
NO*.  The  ion-energy,  dependences  for  both  reactions  were  measured  within  the 
energy  range  1.  0  to  500  eV.  (  '  ^ 


DD  /r..1473 


UNCLASSIFIED 

Security  CI»»nficelion 


UNCLASSIFIED 


§tcuftty  ileiilhcatton 


\  4 

|  LINK  A 

|  LINK  • 

NOLI  | 

WT 

ROLI 

WT 

Atmospheric  Chemistry 

Ionic  Reactionc 

Excited  State  Chemistry 

UNCLASSIFIED 

Security  Cl»»»iflmUon 


Gulf 


DNA  2753F 


GULF  RADIATION  TECHNOLOGY 

Gulf-RT-Ai0767 


ELECTRONIC  AND  IONIC  REACTIONS 
IN  ATMOSPHERIC  GASES 


Yearly  Technical  Summary  Report 
September  1,  1970  through  June  30,  1971 


This  work  was  supported  by  the 
Defense  Nuclear  Agency 
under  NWER  Subtask  HD-010-01 


Work  done  by: 

A.  E,  Kristensen 
J.  K.  Layton 
R.  H,  Neynaber 
J.  A.  Rutherford 
D,  A,  Vroom 


Report  written  by: 

R.  Neynaber 
J.  A.  Rutherford 
D.  A.  Vroom 


Approved  for  public  release;  distribution  unlimited. 


Gulf  Radiation  Technology 

Project  6103  July  28,  1971 


GULF  RADIATION  TECHNOLOGY 

A  DIVISION  OF  GULF  ENERGY  &  ENVIRONMENTAL  SYSTEMS  COMPANY 
P  0.  BOX  608,  SAN  DIEGO,  CALIFORNIA  92112 


ABSTRACT 


Laboratory  measurements  indicate  that  the  metastable  ions  of 
in  reaction  with  N9  in  the  low-energy  range  (14  eV)  react  to  form  princi- 

•f  <  «J. 

pally  Ng  ,  while  the  ion  molecule  reaction  to  form  NO  has  a  very  '•mall 

probability.  The  ground-state  0T  reacts  mainly  to  form  NO+.  The  abun- 

t2 

dance  of  mctastable  O  D  ions  was  determined  using  the  observation  that 

+2  + 

O  D  +  has  a  small  cross  section  for  forming  NO  .  The  ion-energy 

dependences  for  both  reactions  were  measured  within  the  energy  range 

1.0  to  500  eV. 
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1.  INTRODUCTION 

t 

The  ability  to  transmit  radio  and  radar  signals  through  the  atmosphere 
is  strongly  dependent  on  the  free  electron  density  in  the  ionosphere.  The 
density  of  these  free  electrons  is  a  function  of  both  the  amount  of  ionization 
that  is  occurring  and  the  magnitude  of  the  rate  coefficients  for  the  various 
mechanisms  available  for  electron  loss.  In  the  normal  atmosphere,  ioni¬ 
zation  is  produced  primarily  by  photoionizatiou  processes  initiated  by  solar 
radiation.  During  periods  of  increased  solar  activity,  the  amount  of  ioniza¬ 
tion  and,  hence,  the  free  electron  density  are  increased.  These  increases 
result  in  degradation  of  radio  and  radar  equipment  performance. 

Artificial  disturbances  of  the  ionosphere,  such  as  thosj  resulting 
from  nuclear  weapons  detonation,  considerably  increase  the  free  electron 
density.  The  resultant  loss  in  radio  and  radar  performance  can  seriously 
affect  the  operation  of  military  communications  systems.  Since  the  Nuclear 
Test  Ban  Treaty  has  eliminated  atmospheric  testing  of  nuclear  weapons,  it 
is  not  possible  to  ascertain  the  degree  to  which  artificial  dicturbances  of 
this  nature  will  influence  electromagnetic  transmission.  Therefore,  con¬ 
siderable  effort  has  been  expended  on  laboratory  and  theoretical  studies  of 
atmospheric  ionization  that  would  be  expected  from  detonating  weapons,  and 
on  the  deionization  processes  that  tend  to  return  the  atmosphere  to  its  nor¬ 
mal  condition. 

Part  of  the  overall  interest  in  the  upper  atmospheric  process  ie  re¬ 
flected  in  the  Defense  Nuclear  Agency  (DNA)  Reaction  Rate  Program.  This 
program,  which  supports  research  in  the  study  of  atmospheric  deionization, 
involves  in  situ  measurements  of  natural  disturbances  in  the  atmosphere 
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(e.  g.,  Polar  Cap  Absorption  Events),  theoretical  studies  and  laboratory 
measurements  of  pertinent  reaction  rates,  cross  sections,  and  other  fea¬ 
tures  of  the  interactions  that  may  occur  among  electrons,  ions,  and  neutral 

species  present  in  the  upper  atomsphere.  Current  progress  in  the  field  is 

(1) 

also  monitored  through  the  DNAReaction  Rate  Handbook.  The  program 
under  way  in  our  laboratcry  (DNAcontract  DASA01-69-C-0044)  i6  concerned 
with  one  aspect  of  the  deionization  problem,  namely,  reactions  of  atmos¬ 
pheric  ions  and  electrons  with  neutral  species. 

This  ion-neutral  reaction  program  is  concerned  primarily  with  the 
measurement  of  charge-transfer  cross  sections.  Since  the  most  probable 
means  of  losing  electrons  in  the  upper  atmosphere  is  dissociative  recom¬ 
bination,  it  is  important  to  know  the  molecular  ions  present  and  their  cross 
sections  for  formation.  Much  of  the  complexity  of  the  ion- neutral  chemistry 
of  these  processes  arises  because  relatively  minor  constituents  of  the 
atmosphere  are  present.  Many  of  these  constituents  have  ionization  poten¬ 
tials  lower  than  the  most  dominant  ionic  species  present  in  the  atmosphere; 
thus,  the  chance  of  charge  exchange  between  these  minor  species  and  the 
predominant  ions  is  likely.  In  the  pa6t  few  years,  researchers  on  the  ion- 
neutral  program  under  way  at  Gulf  Radiation  Technology  (Rad  Tech)  have 
investigated  reactions  involving  these  minor  constituents.  This  program 
has  resulted  in  the  measurement  of  charge-transfer  cross  sections  between 
such  atmospherically  important  ions  as  0+,  N+,  O*,  NO+,  N*,  and  N00+, 

«  A  6 

and  the  neutral  species  HgO,  O^,  Na,  Mg,  and  Ca.  The  results  of  these 

investigations  have  been  reported  in  previous  publications  and  Yea.'.’y  Tech- 

(2-7) 

nical  Summary  Reports.  The  reactions  of  minor  constituents  with  ions 

of  interest  in  the  upper  atmosphere  have  been  extended  this  year  to  include 
reactions  with  iron.  The  experimental  technique  and  the  results  obtained 
will  be  given  in  later  sections  of  this  report. 

One  aspect  of  ion-neutral  reaction  which  is  of  great  importance  to  an 
understanding  of  the  overall  problem,  but  which  has  received  little  attention 


2 


in  the  energy  regime  above  thermal,  is  the  effect  of  internal  energy  of 

the  reactants  on  the  cross  section  for  a  process  and  on  the  states  of  the 

products  of  the  reactions.  The  major  emphasis  of  the  program  this  past 

year  has  been  to  investigate  some  of  the  more  important  reactions  which 

occur  in  the  upper  atmosphere  to  see  the  effects  of  internal  energy. 

4*  t  x 

Reactions  of  O  ,  N^,  and  N  with  N^,  O^,  and  NO  have  been  studied. 

The  techniques  used  to  obtain  excited  reactant  particles  and  the  results 
obtained  will  be  discussed  in  later  sections. 
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2.  EXPERIMENTAL 


The  crossed  ion- modulated  neutral-beam  apparatus  has  been  described 

(2  8  9) 

previously.  '  '  The  experiment  reported  here  differs  sufficiently,  how¬ 
ever,  from  past  work  to  warrant  a  complete  description  of  the  machine  and 
a  discussion  of  the  experimental  procedure. 

2. 1  PRIMARY  AND  SECONDARY  ION  SYSTEMS 

A  schematic  of  the  apparatus  is  shown  in  Fig,  1.  The  primary  ions 
are  extracted  from  an  electron  bombardment  source  and  mass-analyzed  at 
an  energy  of  75  eV  in  a  180°  magnetic-mass  spectrometer.  After  mass 
analysis,  the  ions  pass  through  an  aperture  in  an  iron  plate  that  shields 
the  magnetic  field  of  the  roak.'  analyzer  from  the  succeeding  regions  of  the 
apparatus.  They  are  then  retarded  or  accelerated  to  the  desired  collision 
energy,  and  pass  through  a  field-free  region  before  intersecting  the  neutral 
beam.  Collimating  apertures  ensure  that,  from  purely  geometrical  consid¬ 
erations,  all  primary  ions  pass  through  the  modulated  neutral  beam  (modu¬ 
lated  at  100  Hz  by  mechanical  chopping).  Secondary  ions  resulting  from 
collisions  between  the  primary  ipns  and  neutrals  are  extracted  along  the 
direction  of  the  primary  ion  beam  by  an  electric  field  of  approximately  2 
V/cm.  The  ions  then  enter  an  electric  field  where  their  energy  is  increased 
to  l->?0  eV.  Penetration  of  this  accelerating  field  into  the  interaction  region 
it.  reduced  by  use  of  a  double  grid  structure.  After  acceleration,  ions 
pass  through  an  electrostatic  quadrupole  lens'“^'  which  forms  the  entrance 
slit  for  the  60°  sector  of  the  magnetic  mass  spectrometer.  Tho  selected 
ions  impinge  on  the  first  dynode  of  a  14-stage  CuBe  electron  multiplier. 

For  all  ions  formed  by  charge  transfer,  the  most  abundant  isotope  was  used 
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Crossed  ion  and  neutral  beam  apparatus 


when  making  measurement**  The  cross  sections  have  been  corrected  for 
the  isotope  effect  created  by  collecting  only  those  which  ht.ve  this  mass. 

The  output  from  the  multiplier  passes  successively  through  a  preamplifier, 
a  100-Hz  narrow-band  amplifier,  and  a  phase-sensitive  detector,  and  is 
then  integrated.  The  output  is  presented  on  a  chart  recorder. 

The  primary  ion  beam  intensity  is  measured  at  the  interaction  region 
with  a  Faraday  cup  which  can  be  moved  in.o  the  collision  region  when  de¬ 
sired.  The  primary  ion  energy  is  determined  from  retarding  potential 
measurements.  All  surfaces  at  the  interaction  region  and  the  Faraday 
cup  are  coated  with  alkadag,  and  the  interaction  region  is  normally  main¬ 
tained  at  a  temperature  of  120°C  to  minimize  surface-charging. 

Because  interest  in  the  present  work  extends  down  to  small  collision 
energies,  it  was  necessary  to  use  only  weak  extraction  fields  at  the  colli¬ 
sion  region.  As  a  result,  the  secondary  ions  were  not  collected  with  100% 
efficiency.  To  obtain  absolute  cross  sections  for  production  of  various 
secondary  ions,  it  was  necessary,  therefore,  to  determine  their  overall 
detection  efficiency.  This  latter  consideration  is  governed  by  a  number  of 
factors,  including  the  multiplier  gain  and  the  efficiency  of  transmission  of 
the  secondary  ions  from  the  interaction  region  to  the  multiplier. 

The  gain  of  the  nrdtinlier-amplificr-recorder  system  is  measured  by 
modulating  the  primary  ions  prior  to  their  entering  the  collision  region. 

The  ion  current  signal  is  first  measured  with  the  movable  Faraday  cup  and 
then,  after  traversing  the  secondary  mass  spectrometer  multiplier-amplifier 
system,  by  the  recorder.  Transmission  of  the  primary  ion  through  the  sec¬ 
ond  mass  spectrometer  was  observed  to  be  92%.  Table  1  shows  the  system 
gain  for  several  species  of  ions  impinging  upon  the  multiplier. 

The  major  experimental  uncertainty  is  associated  with  the  collection 
efficiency  for  the  secondary  ions.  The  uncertainty  arises  because  collec¬ 
tion  fields  sufficiently  large  to  ensure  total  collection  of  the  secondary  ions 
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Table  1 


SYSTEM  GAIN  FOR  SEVERAL  INCIDENT  IONSa 


Ion  Maes 

Ion  Species 

System  Gain 

1 

H+ 

1.0  x  1013 

2 

H+2 

1.4  x  1013 

4 

He+ 

1.4  x  1013 

12 

C  + 

1.5  x  1013 

14 

N+ 

1.8  x  1013 

16 

o+ 

1. 6  x  1013 

18 

h2o+ 

1.  7  x  1013 

23 

Na+ 

7.  7  x  1012 

24 

Mg+ 

8.  7  x  1012 

28 

13 

1.0  x  10 

28 

co+ 

13 

1.1  x  10 

30 

NO+ 

13 

1.  0  x  10 

32 

0; 

1.0  x  1013 

39 

K+ 

5.  7  x  1012 

40 

Ar+ 

6.0  x  1012 

40 

Ca+ 

4.  7  x  1012 

44 

C°2 

8.  7  x  1012 

56 

Fe+ 

3.1  x  1012 

aFor  an  ion  energy  of  2365  V  impinging  on  the  multiplier 
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cannot  be  employed  due  to  the  Influence  these  fields  would  exert  on  the 
motion  of  low-energy  primary  ions.  While  measurements  of  the  variation 
of  collection  efficiency  with  the  strength  of  the  extraction  field  may  readily 
be  made  at  high  primary  ion  energies,  these  results  are  not  necessarily 
relevant  to  the  low-energy  regime,  where  the  dynamics  of  the  charge 
transfer  process  may  be  different.  Interpretations  of  the  present  charge 
transfer  data  obtained  using  weak  collection  fields  is,  therefore,  based  on 
the  assumption  that  at  energies  above  a  few  eV,  the  secondary  ions  are 
produced  by  simple  electron  transfer  in  collisions  involving  little  momen¬ 
tum  transfer,  and  that  as  a  result,  the  collection  efficiency  is  independent 
of  both  the  nature  and  the  energy  of  the  primary  ions.  It  is  implicit  in  this 
assumption  that  the  energy  defect  in  the  reaction  is  small,  since  energy 
not  expended  in  excitation  of  the  products  must  appear  as  kinetic  energy 
and,  therefore,  would  influence  the  collection  efficiency. 

A  number  of  charge  transfer  reactions  for  which  absolute  cross 
sections  had  been  previously  determined  were  tabulated.  Using  the  same 
experimental  conditions  and  the  detection  efficiencies  deduced  from  mea¬ 
surements  of  the  primary  beam,  as  well  as  the  same  signal  strengths  and 
detector  sensitivity,  the  collection  efficiency  of  our  instrument  is  ob¬ 
tained  by  comparing  our  measured  cross  sections  with  the  best  tabulated 
values.  The  efficiencies  so  obtained,  and  illustrated  in  Table  2,  varied 
by  20%;  this  may  represent  a  real  variation  in  the  collection  efficiency  or 
simply  reflect  the  discrepancies  in  the  published  cross-section  values.  In 
the  present  work,  a  collection  of  between  70  and  80%  is  used  in  the  evalua¬ 
tion  of  the  cross  sections  from  measurements  of  the  neutral  beam  density, 
the  primary  ion  beam  intensity,  the  dimensions  of  the  neutral  beam  at 
the  interaction  zone,  the  system  gain,  and  the  recorded  signal. 
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Table  2 


COLLECTION  EFFICIENCY  OF  SECONDARY  IONS  PRODUCED  BY 
CHARGE  EXCHANGE  AT  INTERACTION  REGION 


Reactants 

Cross  Section 
(10“16  cm2) 

Secondary  Ion 
Collection 
Efficiencies^  (%) 

N2:N2 

29.0 

80 

0+:0 

2  2 

15.  5 

68 

N+:0 

16.  5 

74 

2 

aThe  primary  ions  were  produced  by  bombardment  with 
40- eV  electrons.  The  ion  energy  used  for  these  measure¬ 
ments  was  400  eV. 

^Assuming  cross  sections  listed  (taken  as  most  represen¬ 
tative  of  those  reported  in  the  literature). 

2.  2  NEUTRAL  BEAM  FORMATION  AND  MEASUREMENT 
2.  2. 1  The  Iron  Beam 

The  neutral  iron  atom  beam  originates  in  a  heated  molecular 
effusion  source  (a  Knudsen  cell).  This  cell  was  constructed  from  a 
high-purity  alumina  crucible  surrounded  by  a  tungsten  foil.  Passage 
of  current  through  the  foil  heated  the  crucible  to  a  temperature  at 
which  the  vapor  pressure  of  the  iron  was  sufficient  to  produce  a  usable 
beam  of  iron  atoms.  A  pure  iron  wire  placed  inside  the  crucible  was 
used  as  the  source  of  iron  vapor.  The  heat  loss  from  the  crucible-foil 
assembly  was  minimized  by  using  small  mounting  tubes  and  surrounding 
the  total  furnace  with  two  sets  of  heat  shields.  The  neutral  beam  was 
formed  by  effusion  of  the  iron  vapor  from  a  small  hole  in  the  side  of  the 
crucible.  The  temperature  of  the  crucible  was  determined  using  an 
optical  pyrometer.  Care  was  taken  when  using  this  instrument  to  ensure 
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that  the  temperature  obtained  was  that  of  the  crucible  and  not  that  of  the 
surrounding  foil  or  heat  shields.  Using  the  measured  temperature,  the 
vapor  pressure  of  the  iron  in  the  crucible  was  determined. 

The  cosine  law  of  molecular  effusion^  ^  was  applied  to  determine 
the  beam  density,  knowing  the  equilibrium  vapor  pressure  of  the  iron  in 
the  Knudsen  cell  at  a  particular  temperature.  The  number  density,  n, 
in  the  beam  at  the  interaction  region  is  then  computed  under  effusive  flow 
condition  to  be 

V 

n  =  - - j-  ,  (1) 

4  n  r 

where  is  the  number  density  in  the  furnace,  a  is  the  area  of  the  aper¬ 
ture  in  the  furnace,  and  r  the  distance  from  the  aperture  to  the  inter¬ 
action  region. 

Calculation  of  the  beam  density  with  Eq.  1  has  been  used  for  the 
preliminary  analysis  of  the  data.  One  difficulty  associated  with  this 
method  is  that  the  temperature  must  be  quite  accurately  known,  since 
the  pressure  is  a  sensitive  function  of  the  temperature.  A  small  tem¬ 
perature  gradient  between  the  location  measured  by  the  optical  pyrometer 
and  the  inside  of  the  chamber  could  result  in  a  large  error  in  the  calculated 
beam  density  and,  thus,  the  cross  section.  In  addition  to  this,  any  tem¬ 
perature  gradient  in  the  volume  of  the  furnace  containing  the  metal  vapor 
would  result  in  a  corresponding  uncertainty  in  the  furnace  pressure  and, 
thus,  in  the  neutral  beam  density. 

To  ensure  that  our  temperature  measurements  were  accurate  and 
that  our  oven  behaved  correctly,  a  complementary  technique  was  employed. 
This  method  utilized  neutron  activation  analysis  to  determine  the  number 
of  atoms  deposited  into  the  collector  by  the  neutral  beam  in  a  known  time 
period.  For  the  iron  experiments,  a  collector  consisting  of  a  polyethylene 
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bag  attached  to  the  end  of  a  polyethylene  cylinder  was  used.  This  assembly 
was  located  so  that  all  the  beam  passing  through  the  collision  region  entered 
the  collector.  Commercially  available  "Baggies"  were  chosen  as  the  type 
of  polyethylene  bags,  since  they  were  found  to  be  both  free  of  contamination 
and  thin-walled.  After  a  deposition  time  of  30  hours,  the  bag  was  removed 
and  sent  to  the  Rad  Tech  Neutron  Activation  Analysis  Facility  for  measure¬ 
ment,  This  method  gave  results  in  close  agreement  with  the  density  cal¬ 
culated  from  the  molecular  effusion  considerations. 

2.  2.  2  Beams  of  Atmospheric  Gases 

The  neutral  beams  of  N^,  NO,  and  were  formed  by  effusion  from 
a  tungsten  source.  As  for  the  iron  beam,  the  density  of  the  beam  was 
determined  from  the  known  pressure  of  the  gas  in  the  source,  the  area  of 
the  aperture  in  the  source,  and  the  distance  from  this  aperture  to  the 
interaction  region. 

The  vibrational  energy  in  the  neutral  beam  could  be  changed  by  re¬ 
sistive  heating  of  the  tungsten  source.  Due  to  the  increased  velocity  of 
the  neutral  particles  under  these  conditions,  corrections  were  made  to  the 
beam  density. 

2.  3  EXTRAPOLATION  PROCEDURE 

In  our  apparatus,  the  lowest  ion  energies  obtainable  are  1  eV  or 

greater.  Considerable  interest  in  the  charge  exchange  processes  exist 

in  the  energy  range  from  thermal  to  several  eV,  To  obtain  cross  sections 

and  rate  coefficients  in  this  region,  an  extrapolation  procedure  developed 

(12) 

previously  in  this  laboratory  has  been  used.  This  extrapolation  pro¬ 
cedure  combines  the  energy  dependence  of  the  Rapp  and  Francis^^  reso- 

(14) 

nant  charge-transfer  theory  with  the  Gioumousis  and  Stevenson  complex 
format  model. 
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The  general  formula  developed  for  the  total  charge-exchange  cross 
section  takes  into  account  the  probabilities  for  charge  exchange  to  occur 
both  when  a  complex  is  formed  and  when  it  is  not,  and  also  corrects  for 
nonrectilinear  orbit  when  complex  formation  does  not  occur.  The  method 
can  be  formulated  as  follows. 

The  total  charge- exchange  cross  section  a  will  be  given  by 


o  =  fa  ^  when 


2o^s 


(2) 


or  by 

o  =  {f-  i)a2  +  a1  when  2a  1  >  ag  ,  (3) 


where  f  is  the  fraction  of  collisions  resulting  in  complex  formation  which 

decays  into  the  charge- exchange  channel,  and  o  is  the  Gioumousis  and 

£  (14) 

Stevenson  complex  formation  model  cross  section,  represented  by 


a 


2 


(4) 


in  which  e  is  the  electronic  charge,  or  is  the  polarizability  of  the  neutral, 
and  E  is  the  barycentric  interaction  energy.  Also,  o^,  which  is  given  by 


(5) 


represents  the  Rapp  and  Francis  resonant  charge- exchange  formula  mod¬ 
ified  to  take  account  of  the  curved  orbits  of  the  reactants.  The  form  of  the 

(13) 

Raop  and  Francis  formula  is 


4 

oa  =  A-B  logE 


(6) 


where  A  and  B  are  constants 


The  extrapolation  is  ca  .  i  out  by  fitting  the  modified  Rapp  and 
Francis  formula  (Eq.  5)  to  the  high-energy  portion  of  the  measured  data, 
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which  is  in  the  region  where  complex  formation  should  be  negligible. 

The  calculated  curve  is  then  extended  to  lower  energies  using  the  test 
given  with  Eqs,  2  and  3  to  evaluate  when  the  measured  data  deviate  from 
the  form  of  Eq.  5.  In  this  manner,  the  contribution  of  complex  formation 
is  determined  and  the  calculated  curve  can  be  extended  to  energies  below 
those  measured,  A  computer  program  has  been  developed  to  perform 
the  calculations. 

The  extrapolation  technique  was  developed  by  assuming  that  the 
relative  abundance  of  the  various  products  emerging  from  the  capture- 
formed  complex  is  independent  of  the  relative  kinetic  energy  of  the 
reactants;  that  is,  f  remains  constant.  If  this  condition  is  not  met,  the 
technique  will  not  give  valid  rate  coefficients  at  near-thermal  energies. 

In  general,  whether  or  not  the  extrapolation  technique  is  valid  can  be 
seen  by  observing  whether  the  calculated  cross-section  curve  fits  the 
experimental  data  to  the  lowest  energy  of  measurement.  This  compari¬ 
son  is  made  for  all  data  given  here. 
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3.  REACTIONS  OF  IRON  WITH  ATMOSPHERIC  IONS 


Iron  is  known  to  be  an  important  minor  constituent  of  the  upper 
atmosphere.  ^  ^  Its  presence  can  probably  be  accounted  for  from 

the  ablation  of  meteors.  Even  though  this  species  is  in  low  concentra¬ 
tion,  it  can  have  an  important  effect  on  the  chemistry  of  the  upper 

<1 7) 

atmosphere.  Its  low  ionization  potential  (7.  870  eV)  '  is  suck  that 
it  may  undergo  charge  exchange  with  all  common  atmospheric  ions. 

The  iron  ions,  once  formed,  should  have  a  long  lifetime  since  radiative 
recombination  is  the  only  significant  loss  mechanism.  Atomic  ions 
such  as  iron  can,  therefore,  retard  the  deionization  of  the  disturbed 
atmosphere. 


Reactions  of  iron  with  positive  ions  have  been  studied  in  the 
energy  range  from  1  to  500  eV.  All  but  one  of  the  processes  studied 
involve  charge  transfer.  For  completeness,  the  processes  that  have 
been  studied  are  listed  below. 


Charge-transfer  reaction 


1.  H*  +  Fe  ~  H  +  Fe+ 

2.  N*  +  Fe  -  N  +  Fe 

3.  O*  +  Fe  -  O  +  Fe* 

4.  N*  +  Fe  -♦  N  +  Fe* 

«  2 

5*  NO+  +  Fe  -  NO  +  Fc 

6.  O*  +  Fe  -  02  +  Fe* 

7.  H  O*  +  Fe  -  H  O  +  Fe* 

2  +  2  + 

8.  H.O  +  Fe  -  H  O  +  H  +  Fe 

j  £ 
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Froton-cransfer  reaction 
1.  H30+  +  Fe  -  H20  +  FeH+ 

The  absolute  values  of  the  charge-transfer  and  proton-transfer  cross 
sections  for  the  formation  of  ions  or  iron  are  presented  and  discussed  below. 
The  cross  sections  are  shown  as  a  function  of  incident  ion  energy  in  the 
energy  range  from  approximately  2  to  500  eV. 

The  cross  sections  for  the  charge  transfer  of  neutral  iron  with  the 

ions  H>;)0  ,  O^,  O  ,  and  H  are  shown  in  Fig,  2,  while  those  for  charge 

transfer  with  N  ,  NO  ,  and  N+  are  6hown  in  Fig.  3.  The  charge  transfer 
£*  ^ 

and  proton  transfer  reactions  involving  H^O  are  shown  in  Fig.  4. 

The  cross-section  curves  shown  in  Figs.  2  and  3  are  all  very  similar 

in  that  they  show  an  increase  in  magnitude  with  decreasing  ion  energy. 

This  increase  is  similar  for  all  seven  species  shown.  In  addition  to  this, 

the  absolute  magnitudes  of  the  cross-section  curves  are  all  quite  large  and 

show  little  variation  from  species  to  species.  That  is,  at  10  eV  all  the 

"16  2 

cross  sections  fall  between  10  and  35  x  10  cm  ,  while  at  500  eV  the 

•  1 6  2 

total  range  of  cross  sections  is  between  5  and  30  x  10  cm  .  It  is  inter- 

•  %  •f’ 

esting  to  note  in  this  regard  that  H  and  O  {see  Fig.  2),  which  have  similar 
ionization  potentials,  have  cross-section  curves  that  are  essentially  the 
same. 

The  explanation  for  4he  similarity  in  the  magnitude  of  the  cross  sec¬ 
tions  for  all  species  in  Figs.  2  and  3  probably  arises  from  the  multiplicity 

of  states  which  exist  in  the  iron  ion  formed.  Previous  studies  of  charge 

(5) 

transfer  with  metal  atoms  in  this  laboratory  have  shown  that  only  for 

cases  of  verv  near  resonance  are  the  cross  sections  lares  and  show  a  dc - 
*  © 

creasing  behavior  with  increasing  ion  energy  over  the  total  energy  range 
studied.  In  these  cases,  one  can  calculate  that  if  the  product  ion  or  neutral 
or  both  are  left  in  specific  excited  states,  the  energy  defect  for  the  reaction 
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Fig.  4.  Charge -transfer  and  prcton-transfer  cross  sections  for  H^O  ions  impinging 
on  neutral  iron  as  a  function  of  the  energy  of  the  incident  ion 


~  v?  nto^i-  s»jtar.H  q»sc*»T=r-Mti  ^ 


will  be  small.  In  all  cases  involving  metal  atoms  previously  investigated, 
where  the  energy  defect  could  be  made  small  by  formation  of  excited  states, 
the  cross  sections  were  observed  to  be  large  while,  for  cases  where  no 
suitable  states  existed,  the  cross  section  was  small.  Iron,  with  its  mul¬ 
titude  of  excited  ion  states,  allows  a  near-resonance  situation  to  exist  for 
all  cases  shown  in  Figs.  2  and  3.  As  expected,  the  cross  sections  meas¬ 
ured  are  ail  large. 

The  crot s-section  curves  for  the  reaction  of  iron  with  H^O+  (see 
Fig.  4)  differ  from  those  discussed  above.  For  the  charge-transfer  pro¬ 
cess  leading  to  production  of  the  neutral  products  H  O  and  H,  it  can  be 
seen  from  the  diagram  that  the  cross-section  curve  reaches  a  maximum  at 
about  7  eV  ion  energy  and  then  decreases  at  lower  energies.  Such  behavior 

is  indicative  of  a  nonresonant  process.  The  recombination  energy  of  H  0+ 

(2)  i 

is  thought  to  be  about  7  eV,  which  is  lower  than  the  ionization  potential 

of  iron  by  about  0.87  eV.  Since  the  process  is  endothermic,  formation  of 

an  excited  state  cannot  decrease  this  energy  defect.  The  cross-section 

curve  is,  therefore,  what  would  be  expected  in  this  case. 

The  proton-transfer  cross  section  shown  in  Fig.  4  decreases  rapidly 
with  increasing  ion  energy.  This  behavior  is  what  would  be  expected  if  an 
ion-molecule  reaction  involving  complex  formation  was  occurring. 

The  effects  of  long-lived  excited  states  in  the  primary  ion  beam  were 
investigated  for  all  cases  in  which  these  species  are  known  to  exist  (0+, 

O*,  and  NO+).  In  all  cases,  very  little  change  was  observed  in  the  cross- 

it 

section  curve  when  excited  states  were  introduced.  (A  description  of  how 
the  number  of  metastable  species  present  in  the  primary  ion  beam  is  con¬ 
trolled  is  given  in  the  following  section. )  The  relative  independence  of  the 
crose  section  on  the  state  of  excitation  of  the  incident  ion  is  not  surprising, 
since  the  multitude  of  states  available  in  the  iron  ion  makes  resonance  pos¬ 
sible  for  these  species  also.  That  is,  the  cross  section  for  the  ground- state 
ion  is  very  similar  to  that  for  the  excited- state. 
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*4"  Hh 

Since  the  crosi;  sections  for  charge  exchange  for  H.O  ,  0_,  O  , 

+  4  +  +  .  &  i 

H  ,  N  ,  NO  ,  and  N  (Figs.  2  and  3)  all  have  a  high-energy  behavior  that 

*  (14) 

follows  the  Rapp  and  Francis  model'  '  and  a  low-energy  deviation  from 

this  model  which  can  be  interpreted  by  the  Gioumousis  and  Stevenson 
(15) 

model,  the  extrapolation  technique  should  provide  a  reasonable  exten¬ 
sion  of  the  data.  Tables  3  through  9  give  the  results  of  the  extrapolation 
technique.  The  data  given  in  the  tables  include  the  interaction  energy  in 
laboratory  coordinates,  center  of  mass  coordinates,  and  temperature,  as 
well  as  the  cross-section  and  rate  coefficient  for  the  processes.  Calcu¬ 
lating  the  extrapolated  cross-section  for  various  values  of  the  polariza¬ 
bility  showed  that  the  final  values  did  not  depend  strongly  on  the  polariza¬ 
bility.  Both  cross  sections  involving  were  found  to  be  unsuitable 

for  extrapola*ion. 
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Table  6 

CALCULATED  CROSS  SECTIONS  AND  RATE  COEFFICIENTS  FOR 
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4.  REACTIONS  BETWEEN  COMMON  ATMOSPHERIC  IONS 

AND  NEUTRALS 


The  major  emphasis  during  the  last  contract  period  has  been  to 
investigate  how  an  ion  molecule  process  can  be  affected  by  the  internal 
energy  of  the  reactants.  Both  the  change  in  the  reaction  cross  section 
and  in  the  state  of  the  final  products  have  been  considered*  Studies  of 
this  nature  have  direct  application  in  problems  associated  with  an  under 
standing  of  the  chemistry  of  the  upper  atmosphere,  since  many  species 
in  the  upper  atmosphere  will  be  found  in  vibrationally  or  electronically 
excited  states.  This  program  answers  a  direct  DNA  need. 


The  processes  which  have  been  considered  this  year  are: 


N+  +  N„  - 

A 

N2  *  °2  ' 
N*  +  NO  ~ 

A 

°*  +  IV 
0  tN2- 


N'N2 

N2  +  °2 
Ng  +  NO+ 

0  +  N2 
NO+  +  N 


For  all  these  reactions,  the  states  of  the  primary  ion  beam  have  been 
changed  to  see  the  influence  on  the  cross  sections  and  the  products.  The 
vibrational  states  oi  the  neutral  particles  have  also  been  varied  by  heating 
the  gases.  Again,  attempts  were  made  to  see  changes  in  the  reaction  cross 
sections  and  products.  More  violent  means  of  excitation  will  be  used  in  the 
future  to  obtain  higher  vibrational  levels  and  electronic  metastables  of  the 
neutral  species. 
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In  the  following  sections,  a  brief  explanation  of  how  the  state  of 
excitation  of  the  ion  beam  is  regulated  will  be  given,  followed  by  the 
results  obtained  for  each  reaction  studied. 

4.  1  CONTROL  OF  THE  STATE  OF  EXCITATION  OF  THE  PRIMARY 
ION  BEAMS 

The  primary  ion  beam  is  formed  in  an  electron  impact  source  (see 
Fig.  1),  the  electron  energy  of  which  can  be  carefully  controlled.  If  the 
electron  energy  is  such  that  the  gas  in  the  ion  source  can  be  ionized  but 
is  not  high  enough  to  leave  any  ions  in  metastable  state,  then  the  primary 
ion  beam  will  consist  entirely  of  ground- state  particles.  Increasing  the 
electron  energy  will  lead  to  introduction  of  metastable  ions  into  the  beam. 
The  ratio  of  ground  to  metastable  states  is  generally  a  function  of  the 
electron  energy  at  energies  up  to  several  times  the  ionization  potential 
of  the  gas.  Above  this  value,  the  ratio  usually  becomes  constant.  The 
trarsit  time  of  the  primary  ion  system  is  such  that  excited  species  with 
lifetimes  less  than  about  1  psec  will  have  decayed  before  reaching  the 
ion-neutral  collision  region. 

When  studying  the  effects  of  metastable  ions  in  the  primary  ion  beam, 
the  following  procedure  is  generally  employed.  For  a  fixed  ion  energy 
(that  is,  a  fixed  ion-neutral  interaction  energy),  the  electron  energy  in 
the  primary  ion  source  is  varied  over  a  range  from  the  ionization  poten¬ 
tial  of  the  primary  ions  to  several  times  this  ionization  potential.  A 
relative  cross  section  for  formation  of  the  product  ion  under  consideration 
is  measured  as  a  function  of  this  electron  impact  energy.  (If  metastable 
ions  are  observed,  their  population  can  be  determined  in  an  auxiliary 
experiment, )'  Three  types  of  behavior  are  found:  First,  the  relative 
cross  section  as  a  function  of  electron  energy  may  be  unchanged  over  the 
electron  energy  range.  This  implies  a  similar  reaction  cross  section  for 
ground  and  metastable  states.  Second,  if  the  relative  cross  section 
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increases  above  the  onset  of  metastabls  formation,  the  cross  section  for 
th«  excited  ions  is  larger  than  that  for  the  ground  state.  Third,  if  the 
relative  cross  section  decreases  above  the  onset  of  metastable  formation, 
then  of  coursr  excited  state  cross  section  is  smaller  than  that  for 
the  ground  stt 

In  order  to  obtain  absolute  cross  sections  for  each  of  the  components 

of  the  ion  beam,  it  is  necessary  to  know  the  ratio  of  ground  to  metastable 

in  the  beam.  Techniques  for  obtaining  this  ratio  have  been  developed  pre- 

(18) 

viously  in  this  laboratory.  1 
4.  2  N+  +  Ng  -  N  +  N* 

The  data  obtained  for  the  charge  transfer  cross  section  are  given  in 
Table  10.  For  convenience,  these  data  are  displayed  graphically  in  Fig.  5. 
From  the  diagram,  it  can  be  seen  that  the  cross  section  is  small  and  de¬ 
creases  with  decreasing  energy  in  the  region  between  1.5  and  4  eV.  This 
behavior  is  expected  since  the  process  is  endothermic  by  approximately  1 
eV.  The  rise  in  the  cross  section  at  about  4  eV  probably  results  from  the 

onset  of  a  second  channel  for  reaction.  This  channel  could  result  in  N* 

2  +  & 
being  forrmed  in  the  excited  B  state  since  this  process  is  approximately 

4  eV  endothermic  and  could,  therefore,  have  a  threshold  in  the  region 

found  for  the  onset  of  the  second  process.  This  explanation  for  the  curve 

(19) 

shape  has  been  used  previously  by  Murad  and  Maier. 

The  data  presented  here  are  in  agreement  with  those  of  Murad  and 
(19) 

Maier,  although  the  present  cross  section  tends  to  have  a  somewhat 

higher  absolute  value.  The  peak  value  (at  10  eV  in  the  center  of  mass)  Is 

*162  “16 
reported  as  1.7  x  10  cm  here,  while  the  value  in  Ref.  19  is  1.0  x  10 

2 

cm  at  the  same  interaction  energy. 

No  effect  on  the  Neutral  N2  reactant  due  to  additional  internal  energy 
could  be  observed  when  the  Ng  gas  in  the  neutral  beam  was  heated  to  supply 
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Table  10 

MEASURED  CROSS  SECTIONS  FOR  REACTION  N4'  +  N2  -  N  +  N+ 

(CENTER  OF  MASS  AND  2 

LABORATORY  COLLISION  ENERGIES  GIVEN) 


CM  ENERGY 

CRTS*  SECTION 

L»B  ENERGY 

1.00 

9. 956626- 18 

1.50 

1.33 

1 .31012C-17 

2.00 

1.67 

1. 35902*- 1 7 

2.50 

2.00 

i. 9*332  7-17 

3. 00 

2.33 

1. *91769-17 

3.50 

2.67 

1  .98*  732-17 

*.00 

2.87 

2.* 12279- 1? 

*.30 

3.00 

2.572015-17 

*.50 

3.33 

3. *  10*92-17 

5.00 

3.67 

3.76*028-17 

5.50 

*.00 

5.19*206-17 

6.00 

*.13 

6.0066**- 17 

6.20 

*.33 

6.6535*1-17 

6.50 

*.67 

8. *87630-1 7 

7  .Cl) 

*.90 

9.902007-17 

7.20 

5.  PC 

9 .09391  1-17 

7.50 

5.33 

1.012562-16 

9.00 

5.67 

1.112175-16 

6.50 

6.00 

1.787791-16 

9.00 

6.33 

1 .*l*6Ff-16 

9.50 

6.67 

l.*51 1 1*— 16 

10.00 

7.00 

1.577232-16 

ir.sc 

7.33 

1.616695-16 

11.00 

7.67 

1 .697531-16 

11.50 

8.00 

1.653*06-16 

12.00 

8.33 

1 .7309(9-16 

12.5C 

8.67 

1 •  7  05C7  5-  1  6 

13.00 

9.33 

1 .8800(0-16 

1*.C0 

in. or 

1.65*325-16 

15.00 

10.67 

1 .53*567-16 

16.00 

11.33 

1. 3685*7-16 

1  7.00 

12. 0C 

! .2788(6-16 

18.00 

12.67 

1.1 83065-16 

1  9.00 

13.33 

1 .129036-16 

20.00 

1*.CC 

1.076899-16 

2i.no 

16.67 

9.591  ('*5-  1  7 

25.00 

20. CO 

9.377910-17 

30.00 

26.67 

9.1*9121-17 

*C.OO 

33.  33 

9. 1 20166-17 

50.00 

*r.cr 

B.7107C7-17 

6C.00 

*6.67 

S. 003*1  1-  17 

70.00 

53.33 

7.672236-17 

90.  CO 

66.67 

7.76*179-17 

1 00.00 

80.00 

7.307*63-17 

12P.00 

i uu.on 

7. 1*2880-17 

1 50.00 

120.00 

7. *85693-17 

ler.oo 

133.33 

7.53731  3-  17 

200.00 

166.67 

7 .* 1 3368-17 

250.00 

200.00 

3.2*58*3-17 

300.00 

266.67 

9.31 1*( 0-  1  7 

*00.00 

333. 33 

3.750995-17 

500. OC 
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the  additional  vibrational  energy.  This  behavior  is  expected  since  no 

levels  are  close  enough  to  cause  resonance  by  vibrational  excitation. 

+  1 

Attempts  were  made  to  introduce  the  metastable  N  (  D)  into  the  primary 
ion  beam  to  observe  the  effect  of  this  species  on  the  ctosb  section.  Al¬ 
though  a  number  of  different  gases  containing  N  atoms  were  used  to  pro- 

X 

duce  the  N  beam,  no  evidence  of  the  metastable  could  be  found.  Since 
several  techniques  were  used  without  success  to  produce  ’his  species  in 
the  laboratory,  one  concludes  that  it  is  not  easily  formed.  As  a  conse¬ 
quence,  it  is  doubtful  if  N+(*D)  is  a  very  common  species  in  the  upper 
atmosphere. 

4.  3  N*  +  O  -  N  + 

M  M  M  M 

The  charge  transfer  cross  sections  for  N*  on  O  are  shown  in  Fig. 

6.  Two  different  cases  are  represented:  the  case  for  very  low  electron 
energies  (16.9  eV)  in  the  primary  ion  source  and  the  case  for  higher  elec¬ 
tron  energies  (40  eV).  For  convenience,  the  data  for  both  electron  ener¬ 
gies  are  also  presented  in  tabular  form  in  Tables  11  and  12.  Comparison 
of  the  two  N*  curves  given  in  Fig.  6  reveals  that  the  results  obtained  for 
high  ion  energies  (above  50  eV)  are  similar  in  both  cases.  Below  50  eV, 
however,  the  cross  section  for  N*  ions  with  very  little  vibrational  excita- 

u 

tion  (those  ions  formed  by  16.9-eV  electrons)  is  less  than  that  for  ions 

which  can  have  appreciable  vibrational  energy.  Franck-Condon  calcula- 

+  2 

tions  indicated  that  below  the  onset  of  the  N  (A  II  )  state  (-■'16.9  eV),  all 

«  XX 

direct  ionization  of  N  will  produce  ions  in  the  zeroth  and  first  vibrational 
levels  of  the  ionic  ground  state. 

The  reason  for  the  difference  in  the  two  curves  shown  in  Fig.  6  prob¬ 
ably  lies  in  the  fact  that  if  sufficient  energy  is  available  internally  in  the 

4*  4"  4 

N  ion,  formation  of  the  00(a  H  )  state  is  possible.  Thia  process,  which 

Li  U  U 

is  nearly  resonant,  can  be  represented  as 
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ent  vibration  distributions  present  in  the  primary  ion. 


Table  11 

MEASURED  CRC  SECTIONS  FOR  REACTION  N+  +  09  -  N  +  Of 

(CENTER  OF  MASS  AND  ^  2  2 

LABORATORY  COLLISION  ENERGIES  GIVEN) 

(Source  Electron  Energy,  16.9  eV) 


CK  ENERGY 

CROSS  SECTION 

LAB  ENERGY 

1  •  o  7 

7.331971-17 

i.rii 

1  .  37 

3.999161-17 

3.50 

2.13 

9.819674-17 

4  .  I'll 

2.471 

1.716997-16 

4.50 

2.6  7 

1  .  14  3  787-16 

5  .Hi 

3.20 

1  .319785-16 

6.7. 7J 

3.73 

1.534599-16 

7.70 

4.27 

1  .576  3  74-  1  6 

p.ro 

«.  an 

1.649693-16 

?.i;o 

5.33 

1  .53  3  3  14-  1  6 

If  .PC 

6.4n 

1.4  >  5  54  4-  1  6 

12.1  L 

7.47 

1 .31 ?9T 1-16 

i4.ro 

fl.OC 

1.126797-16 

1  ■  .no 

3.53 

1  •  (13  5654-16 

1  6 .70 

s.sn 

3.  1  97 4 f U-  17 

1  5  •  I'J  0 

ir.67 

7.419479-17 

27  .7  Cl 

11.73 

5.957962-27 

2  7  .  r,  o 

13.33 

5 .524869-1  7 

23. U 

16. or 

S.0UI1699-1  7 

3i.ru 

13.67 

6 .223537-17 

35.(0 

21.33 

7.327466-17 

4  7  .nr. 

26.67 

1 .323355-16 

57  •  I'fj 

3  2.cn 

2.1 35124-16 

Si:  .iif; 

37.33 

2 .4681 SS-16 

71  .70 

42.67 

2.975439-16 

9t. . 7 1  f J 

4  8.  PC. 

3.425431-16 

97  .on 

53.33 

3.6 U 4567-16 

1 1)7 .1  0 

64. cr 

3.453155-16 

127  ,7T 

133.33 

3.523932-16 

2  57  .  C 7J 

1 60 .C( 

3 .27  647  9-  1  6 

3or.ro 

186.67 

3.059421-16 

357.70 

213.33 

2 . 3L07C  f  - 1  e 

4 or  .in 

266.67 

2.56907  3-16 

501  .1)1) 
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Table  12 

MEASURED  CROSS  SECTIONS  FOR  REACTION  N£  +  02  -  N2  +  O 

(CENTER  OF  MASS  AND 
LABORATORY  COLLISION  ENERGIES  GIVEN) 

(Source  Electron  Energy,  40  eV) 


CH  ENERGY 

CROSS  SECTION 

Lie  ENERGY. 

1*0? 

1.471859-16 

2.00 

1.33 

1 .716614-16 

2.50 

1.60 

1.742053-16 

3.00 

1.8? 

1  .755628-16 

3.50 

2.13 

1.730457-16 

4. no 

2.67 

1.861124-16 

5.00 

3.20 

1.925134-16 

6.00 

3.73 

2.011656-16 

7.00 

4.27 

2.011656-16 

8. 00 

5.33 

1  .916384-16 

10.00 

6. <10 

1.914435-16 

12.00 

8.00 

1.586659-16 

15.00 

9.60 

1.378357-16 

19.00 

10.67 

1.341104-16 

20.00 

13.33 

1.215376-16 

25.00 

16.00 

1 .23466 7-16 

30.00 

21.33 

1.362392-16 

40.00 

26.67 

1.882013-16 

50.00 

32.00 

2.338336-16 

60.00 

37.33 

2.746840-16 

70.00 

42.67 

3.23084  2-16 

80.00 

53.33 

3.855675-16 

100.00 

64.00 

3.973642-16 

120.00 

80.00 

5.337706-16 

150.00 

133.33 

3.71969 3” 16 

250.00 

160.00 

3.433E26-16 

300.00 

213.33 

3.000000-16 

400.00 

266.67 

2.822981-16 

500.00 

N^(v=2  or  3)  f  O2(v=0)  -  N2(v=0)  +  O^a4!!^)  . 

Th8  importance  of  the  vibrational  excitation  of  the  N*  in  the  charge 
transfer  is  further  demonstrated  by  examining  the  primary  ion-source 
electron-energy  dependence  of  the  cross  section  for  10-eV  N*  ions  on  09. 
This  dependence,  which  is  shown  in  Fig,  7,  indicates  that  the  cross  sec¬ 
tion  for  the  process  changes  rapidly  for  electron  energies  between  16  and 
19  eV.  At  these  energies,  higher  vibrational  levels  of  the  ground  ionic 
6tate  are  probably  being  filled. 

Experiments  were  also  performed  to  see  the  effect  of  adding  vibra¬ 
tional  energy  to  the  neutral  O  species.  For  these  experiments,  the  O  ga6 

A  Ct 

was  heated  in  an  iridium  furnace.  Here,  a  large  change  in  the  cross  sec¬ 
tion  for  charge  exchange  was  found,  the  cross  section  for  the  heated  gas 
being  larger  than  that  for  the  cold  gas.  The  reason  for  the  change  is  prob¬ 
ably  the  same  here  as  for  adding  vibrational  energy  to  the  N*  ions.  The 

heated  O  gas  has  some  particles  in  high  enough  vibrational  levels  that  the 

^  + 
reaction  becomes  near-resonant  for  formation  of  the  O  in  the  excited 

4  “ 

(a  H  )  state.  Work  is  continuing  on  this  reaction. 

4.  4  N*  +  NO  H  N  +  NO+ 

£t  fd 

The  results  for  the  charge  transfer  between  N*  and  NO  are  shown  in 
Fig,  8.  Numerical  data  are  given  in  Table  13.  i..e  figure  shows  that  the 
cross  section  for  the  reaction  is  invariant  over  the  energy  range  from  10  to 
500  eV.  Below  this  range,  the  cross  section  increases  rapidly  down  to  the 
lowest  energies  measured.  This  increasing  behavior  is  indie  ,tive  of  a 
near-resonant  process.  One  possible  mechanism  which  leads  to  a  reso¬ 
nant  condition  is 

N^(X2i:+)  +  NO(X2U'  -  N_(X1E+)  +  NO+(a3E  +  )  . 

2  g  i  g 
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Table  13 


MEASURED  CROSS  SECTIONS  FOR  REACTION  N$  +  NO  -  N2  +  NO+ 

(CENTER  OF  MASS  AND 
LABORATORY  COLLISION  ENERGIES  GIVEN) 


CM  ENERGY 

CROSS  SECTION! 

1*8  ENERGY 

•  36 

1.690791-15 

.70 

.52 

1  .991069-15 

1  .00 

.62 

1.911697-15 

1.20 

.76 

1  .259490-1 5 

1.50 

.88 

1.159505-15 

1.70 

1.G3 

1.140682-15 

2. PC 

1  .09 

3.895950-16 

2.10 

1.29 

9.968075-16 

2 .50 

1.55 

3. 600599-16 

3.00 

2.C7 

7.039626-16 

4 . 00 

2.59 

6.952587-16 

£.00 

3.10 

6.355959-16 

6.00 

3.62 

6.235358-16 

7.L0 

<4.19 

6.156761-16 

S.CG 

9.66 

6.161167-16 

9.00 

5.17 

6.036950-16 

ir.on 

6.21 

5.957529-16 

i2.nc 

7.76 

6 .0296 1 C  - 1 6 

ls.rn 

9.31 

6.001)000-16 

1  9.0U 

10.39 

6.029256-16 

20.00 

12.93 

6. 006357-16 

25.00 

15.52 

5.91 5899-16 

30.00 

20.69 

5.9  90QC0- 1 6 

40.00 

25.86 

5. 890600-16 

50.00 

31.03 

5.967342-16 

60.00 

36.21 

5.697063-16 

70.00 

91.38 

5.781010-16 

80.00 

51.72 

5.791735-16 

100.00 

62.07 

5.675901-16 

120.00 

77.59 

5.688212-16 

i5r.ro 

93.10 

5. 7  ? 3 « 1 ?-  !R 

1  on  n  r» 

«  4  W  •  M  U 

103.95 

5. 651613-16 

200.00 

129.31 

5.599678-16 

250.00 

155.17 

5.585459-16 

200. 1*0 

206.90 

5.574595-16 

4  0  .  0  0 

258.62 

5.418934-16 

5or.oo 
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Huber'  '  has  shown  that  the  a^  state  of  NO  lies  at  15,6  eV  above  the 
neutral  ground  state.  This  energy  is  essentially  the  same  as  the  ionization 
potential  of  N  . 

mt 


Figure  9  illustrates  the  primary  ion-source  electron-energy  depend¬ 
ence  for  the  reaction  of  N*  on  NO,  This  energy  dependence  is  for  5-eV 
+  .  1 

ions  on  NO.  The  figure  shows  little  dependence  of  the  cross  section  on 

the  6tate  of  excitation  of  the  N  ion.  Since  N  has  no  low-lying  metastable 

electronic  states,  the  small  effect  observed  mu6t  be  due  to  vibrational 

excitation  of  the  N^.  One  explanation  as  to  why  there  should  be  any  effect 

at  all  in  what  appears  to  be  a  near-resonant  process  may  be  due  to  the 

Franck-Condon  factors  for  the  process.  That  is,  formation  of  the  NO^ 

(a  £  )  state  in  a  slightly  higher  vibrational  level  may  be  more  probable 

than  formation  of  the  zeroth  vibrational  level.  Thi6  process  should  re- 
+ 

quire  the  N^  to  have  some  vibrational  excitation,  and  a  slight  electron- 
energy  dependence  may,  therefore,  be  expected. 

If  the  mechanism  for  the  N*,  NO  charge  transfer  is  that  suggested 

+ 

above,  one  would  predict  that  the  reverse  reaction  would  not  occur  for  NO 

in  the  ground  ionic  6tate  but  that  there  should  be  a  large  cross  section  for 
+  3  .+ 

NO  in  the  metastable  a  £  state.  Figure  10  gives  the  primary  ion- source 
electron-energy  dependence  for  this  reverse  process.  The  data  are  for 

■f  t  #  •  i  * 

10-eV  NO  ions  in  collision  with  N0.  The  results  shown  in  this  diagram 
are  what  would  be  expected.  Below  16  eV,  the  cross  section  for  charge 
transfer  is  very  small  but  ii.creases  rapidly  at  higher  electron  energies 
as  a  larger  fraction  of  the  beam  becomes  excited.  The  fulfillment  of  the 
prediction  about  the  electron-energy  dependence  for  the  reaction  of  NQ^ 
with  N  indicates  that  the  proposed  mechanism  for  the  reaction  is  correct. 

+  3  + 

The  charge  transfer  cross  section  for  NO  (a  £  )  on  N  is  presented 
in  Fig.  8.  Numerical  data  are  given  in  Table  14. 
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Table  14 

MEASURED  CROSS  SECTION  FOR  REACTION  NO+  +  No  -  NO  +  No 

(CENTER  OF  MASS  AND  2 

LABORATORY  COLLISION  ENERGIES  GIVEN) 


CM  ENERGY 

CROSS  SECTION 

LAB  ENERGY 

•  48 

1.14 1591-15 

1  .00 

.58 

1.191225-15 

1 .20 

•  72 

1.132541-15 

1.50 

•  82 

3.789002-16 

1 .70 

.97 

9.31 3842-16 

2.00 

1.01 

1. 000096-15 

2.10 

1.21 

9.776468-16 

2.50 

1.34 

3.1 71569-16 

2.80 

1  .45 

8.542839-16 

?.ro 

1.69 

3.306864-16 

3.50 

1.93 

7.799191-16 

4.00 

2.17 

5.837847-16 

4.50 

2.41 

6.438588-16 

5.  no 

2.90 

6.501487-16 

6 .00 

3.36 

6.647042-16 

7.00 

3.86 

6.911412-16 

9.00 

4.34 

6.870266-16 

9.00 

4.83 

7.201930-16 

10.00 

5.79 

7.196084-16 

12.00 

7.24 

7.264686-16 

1  5.00 

8  •  6  9 

7.783796-16 

13.00 

9.66 

7.958197-16 

20.00 

12.07 

8.270283-16 

25.00 

14.48 

9.127692-16 

30.00 

19.31 

8.405861-16 

40.00 

24.14 

8.771512-16 

50.00 

28.97 

8.959473-16 

60.00 

37.79 

3.012488-16 

70.00 

38.62 

9.177997-16 

80.00 

48.28 

9.705248-16 

100.00 

57.93 

9.451752-16 

120. 00 

72.41 

9.623602-16 

1  SC .00 

86.90 

9.786502-16 

1 80.00 

96.55 

4.  8  UPP  7  G_  1  C 

■*  *  •*  •  •  »  •  •  «  w 

c uu • uu 

120.69 

1  .036871-15 

250.00 

144.83 

3.814069-16 

300.00 

193.10 

9.850000-16 

400.00 

241.38 

9.451  752-1  6 

50b .00 
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The  cross  sections  for  charge  transfer  for  both  processes  have 
been  extrapolated  to  thermal  energies.  The  values  obtained  in  the  extra¬ 
polation  are  given  in  Table  15  for  the  N*  +  NO  reaction  and  in  Table  16  for 
the  reverse  process  The  value  obtained  for  the  rate  coefficient  for  the 

reaction  N  +  NO  at  300°K  (8.1  x  10  ^  cm^/sec)  agrees  well  with  the  value 

-10  3  (21) 

(5.0  x  10  cm  /sec)  obtained  using  other  techniques. 


4.  5  O*  *  N  -  O  +  N*  and  0+  +  N„  -  NO*  +  N 

a  6  u 

The  results  obtained  for  these  two  reactions  have  been  discussed  in 
a  paper  which  is  being  prepared  for  publication.  A  copy  of  the  paper  is 
included  as  an  Appendix  to  this  report.  The  remainder  of  this  section 
will  outline  the  results  obtained  for  these  reactions,  and  will  discuss  one 
aspect  which  was  not  included  in  the  publication. 


The  principal  result  of  the  investigation  of  these  two  reactions  is 

-t-  4"  "I”  , 

that  O'  in  the  ground  state  reacts  with  N0  to  form  NO  with  little  N  being 

+  + 

formed,  while  the  metastable  O  reacts  to  form  N^  (charge  transfer)  with 
virtually  no  NO  being  formed.  This  reactions  can  be  represented  as 

0*(4S°)  +  N  (X2£  +  )  -  NO+(xV)  +  N(4S°) 

2  g 

and 

0+(2D)  +  N„ (X2E  +  )  -  0(3P)  +  N*(A2n  )  . 

2  g  2  U 

This  last  reaction  is  resonant  for  formation  of  the  N*(A*  II  )  state  in  the 

m  VI 

first  vibrational  level. 


The  ion-molecule  reaction  leading  to  formation  of  NO  is  exothermic 
for  all  reactants  and  products  being  in  the  ground  state.  The  overall  ener¬ 
gies  can  be  represented  by: 


Energy  Available 

0+(IP)  13.  6eV 

NO  bond  6.  5  eV 
20.  1  eV 


Enerr 


lequirec 


N2  bond  9.  7  eV 

NO+(IP)  9.  3  eV 

19.  0  eV 
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Table  15 

CALCULATED  CROSS  SECTIONS  AND  RATE  CO 
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Therefore,  the  excess  energy  is  1.1  eV. 

Figure  11  is  a  graphical  representation  of  the  cross  section  for  this 
ion-molecule  reaction.  The  figure  shows  that  the  cross  section  is  small 
for  very  low  interaction  energies  but  increases  at  higher  energies,  peaking 
at  about  14-eV  ion  energy.  This  behavior  may  indicate  that  an  activation 
energy  is  needed. 

One  possible  explanation  for  the  apparent  endothermicity  of  the 

reaction  is  that  an  intermediate  molecule  in  the  excited  Btate  (n+Tr+Tt.TT) 

(22) 

state  is  formed.  The  kinetics  here  are. 

oYs°)  +  NjV)  -  N0 oV+TT+n,TT)  -  NO+(xV)  +  N(V)  . 

^  g  ^ 

Formation  of  N2 Q+  (n  +rr  +tt ,  tt  ): 

Energy  Available  Energy  Required 

0+{IP)  13.  6  eV  N  0+{rr+TT+ntTT)(iP)  16.4  eV 

N  -O  bond  1.  6  eV 

15.2  eV  16.4  eV 

The  process  leading  to  formation  of  N  0+  excited  ion  is,  therefore,  1.2  eV 

dt 

endothermic. 

f 

Decay  of  N  O  (n+rr+n.TT) 
d 

Energy  Available  Energy  Required 

N20(TT+TTtn,TT)(IP)  16,4  eV  NO+(IP)  9. 3  eV 

_ _  NO~N  bond  4.  8  eV 

16.4  eV  14.  ieV 

This  process  is,  therefore,  2,3  eV  exothermic. 

Since  the  first  process  is  i.2  eV  endothermic  and  the  second  2.3  eV 
exothermic,  the  overall  reaction  has  again  an  excess  energy  of  1.1  eV, 

Such  a  reaction  scheme  accounts  for  the  apparent  endothermicity  of  the 
reaction.  This  reaction  has  been  discussed  previously  by  Kauffman  and 
Koski,  Giese,  ^2<^  and  Schmeltekopf  et  al.^*  2*^ 
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ABSTRACT 

Laboratory  measurements  indicate  that  the  metastable  ions  of  0+ 

in  reaction  with  N  in  the  low-energy  range  (14  eV)  react  to  form  prin- 

+  ^  + 
cipally  N0,  while  the  ion  molecule  reaction  to  form  NO  has  a  very 

+  + 
small  probability.  The  ground- state  O  ion  reacts  mainly  to  form  NO  . 

The  abundance  of  metastable  O  D  ions  was  determined  using  the  obser- 

+2  + 
vation  that  O  D  +  N  has  a  small  cross  section  for  forming  NO  .  The 

ion-energy  dependences  for  both  reactions  were  measured  within  the 

energy  range  1.0  to  500  eV. 
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The  ion-molecule  reaction  most  widely  dealt  with  by  aeronomists  has 

been  that  involving  0+  in  collision  with  N  to  form  NO+.  The  effect  of  ex- 
+  2 

cited  states  of  O  on  the  rate  of  this  reaction  has  been  open  to  question. 

( Al )  +  2 

Oa)  gar  no  has  pointed  out  that,  in  the  F  region,  O  (  D)  ions  are  lost 

principally  by  collisions  with  neutral  O  and  N  .  An  indication  that  the 
excited  states  may  not  be  of  importance  in  the  formation  of  NO  was  re¬ 
ported  by  Stebbings  et  al.  who  noted  there  was  little  change  in  the 

<•  +  + 

cross  section  for  O  +  “•  NO  +  N  when  excited  states  of  O  ions  were 

introduced  into  the  beam.  The  results  reported  here  will  show  that  the 

+  2 

cross  section  for  the  reaction  involving  the  excited  atomic  ion  (O  (  D)  + 

N2  -  NO+  +  N)  is,  in  fact,  very  small.  Furthermore,  we  will  indicate 

that  the  principal  channel  for  these  reactants  results  in  production  of  N* 

2  2 
which  is  probably  formed  in  the  (A  H^)  state. 

The  apparatus  employed  for  the  cross-section  measurements  has 

(A2  A3) 

been  described  previously.  ’  In  this  instrument,  the  primary  ions 
are  formed  in  an  electron  bombardment  ion  source,  the  electron  energy  of 
which  can  be  carefully  controlled.  These  ions  are  extracted  from  the 
source,  mass-analyzed,  and  accelerated  or  retarded  the  desired  energy. 
This  ion  beam  then  crosses  a  modulated  neutral  beam  (modulated  at  100  Hz), 
in  this  case  N^.  The  products  of  collisions  between  the  ion  and  neutral 
beams  are  extracted  along  the  direction  of  the  primary  ion  beam,  accele¬ 
rated,  focussed,  and  mass -analyzed  in  a  second  mass  spectrometer.  The 
selected  ions  are  then  detected  using  an  electron  multiplier  coupled  with 
lock-in  amplifier  techniques. 
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The  neutral  beam  is  formed  by  effusion  from  a  room-temperature 
orifice  and  modulated  by  mechanical  chopping.  The  neutral-beam  density 
is  determined  by  measuring  the  pressure  in  the  neutral  source  with  a  dif¬ 
ferential  pressure  manometer  and  calculating  the  effusion  from  this  source 
under  known  geometrical  conditions. 

The  ratio  of  the  metastable  electronic  states  to  the  ground  state  can 
be  varied  by  careful  control  of  the  energy  of  the  ionizing  electrons  in  the 
primary  ion  source.  When  the  electron  energy  is  below  the  threshold  for 
excited-state  formation,  no  excitud  states  can  be  formed,  and  the  resultant 
beam  will  be  composed  entirely  of  ground- state  ions.  As  the  ionizing 
electron  energy  is  increased,  metastable  ions  will  appear  in  the  beam. 

Two  reactions  have  been  studied  in  detail  here.  These  are: 


0+  +  N  ~  NO+  +  N 

(Al) 

o+  +  N2  -  0  +  n*  . 

(A2) 

The  effects  of  metastable  0+  ions  in  the  primary  ion  beam  for  Reaction  1 

can  be  seen  in  Fig.  Al.  Here,  the  relative  probability  for  forming  NO+  in 

collisions  between  0+  and  N_  is  plotted  as  a  function  of  the  electron  energy 
+ 

used  to  form  the  O  ion.  Two  cases  are  shown:  one  in  which  pure  oxygen 
is  used  in  the  ion  source  and  the  other  in  which  the  source  contained  1%  0„ 
in  pure  helium.  The  latter  case  has  been  included  since  it  gives  an  enhance¬ 
ment  in  the  number  of  metastable  0+  ions  in  the  beam  and,  therefore, 
better  illustrates  our  conclusions.  This  enhancement  arises  because 

helium  ions  formed  in  the  source  will  undergo  a  dissociative  charge- 

+  2 

transfer  process  with  Oq  to  yield  the  metastable  O  (  D).  Note  that  the 
+ 

NO  data  in  Fig,  Al  have  been  normalized  to  a  value  of  10  at  21  eV.  This 

+  2 

is  below  the  threshold  of  22  eV  required  for  production  of  O  (  D)  from 

+  2 

molecular  oxygen  if  the  formation  of  O  (  D)  from  pair  production  is  ne¬ 
glected.  This  latter  process  is  known  to  have  a  small  cross  section.  The 
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(uoipas  SSOJD  3AI|D|9J  )  D 


curves  show  that  for  the  formation  of  NO*,  the  relative  cross  section 

normalized  on  the  total  O*  current  starts  to  decrease  in  the  case  of  pure 

+  2 

oxygen  above  the  threshold  for  O  (  D),  indicating  that  the  presence  of 
this  excited  state  depletes  the  number  of  ground- Btate  particles  available 
for  reaction.  This  same  result  is  seen  for  the  helium /oxygen  mixture, 
except  that  the  effect  is  not  seen  until  slightly  higher  in  energy  due  to 
the  excited  state  not  being  formed  in  significant  concentration  until  above 
the  ionization  threshold  for  helium. 

The  electron-energy  dependence  for  the  reaction  O*  +  N2  -■  O  +  N*  iB 

given  in  Fig.  A2.  The  cross  section  shown  in  this  figure  (the  observed 

cross  section)  is  obtained  using  the  total  O*  current.  An  effect  opposite 

to  that  seen  in  Fig.  A1  is  observed  here.  In  the  curve  for  pure  09,  it  is 

noted  that  the  observed  cross  section  for  forming  N*  is  very  small  for 

+  2  * 

electron  energies  below  the  O  (  D)  threshold  and  then  increases  as  the 
number  of  excited  states  is  increased.  The  effect  is  the  same  for  the 
oxygen-helium  mixtures  below  the  threshold  for  ionization  of  helium,  but 
it  more  pronounced  above  this  point  as  more  excited  states  are  then  pre¬ 
sent.  It  must  be  noted  that  all  the  data  shown  in  the  figures  are  for  a 
fixed  ion-neutral  interaction  energy  of  14  eV  and  illustrate  the  change 
which  this  cross  section  undergoes  as  the  number  of  excited  states  in  the 
beam  is  varied.  An  interaction  energy  of  14  eV  was  chosen  because  the 
ion-molecule  cross-section  curve  peaks  at  this  value. 

Examination  of  the  figures  allows  the  following  conclusions  to  be 
drawn. 


0*(4S)  +  N„  -  NO*  +  N  , 

o*(4sj  +  n2*-o  +  n*, 

(A3) 

(A4) 

o*(2d)  +  n2  -  0  +  N*  . 

(A5) 

That  is,  Fig.  A1  shows  that  NO*  is  formed  below  the  threshold  for  excited 

+  +2 
O  ions  (Reaction  3).  Similarly,  Fig.  A2  shows  that  below  the  O  (  D) 
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threshold,  very  little  N_  is  formed  (Reaction  4),  but  that  above  the  onset 
of  the  excited  state,  is  readily  formed  (Reaction  5).  Using  the  above 
information  coupled  with  previously  obtained  results,  we  will  show  that 

0+(2D)  +  N  b  NO+  +  N  .  (A 6) 

Assume  that  the  cross  section  for  this  process  is  small  compared  to  that 
for  Reaction  3.  Now,  since  the  observed  cross  section  o  for  any  process 
can  be  written  as 


a 


-  L 


a  f 
n  n 


(A  7) 


n 

where  cr^  is  the  cross  section  for  reactant  ions  in  state  n  present  in  frac¬ 
tional  abundance  f  ,  we  can  write  our  total  cross  section  for  formation  of 

+  n 
NO  as 


a 


c  4  *4  +  2  *2 

(  S )  (  o)  v  D)  CD) 


(A8) 


Since  we  have  assumed  that  K<  a(4s)’  ****  Pre8ence  °*  species 

in  the  total  0+  beam  can  be  shown  to  lower  the  observed  cross  section  by 
a  percentage  equal  to  its  fractional  abundance.  Examination  of  Fig.  Al, 
therefore,,  reveals  that  for  electrons  of  40  eV,  the  excited  state  concentra¬ 
tion  is  20%  of  the  total  beam  for  pure  and  37,5%  for  the  oxygen/helium 
mixture.  As  discussed  above,  Fig.  A2  shows  that  the  charge -transfer 
process  between  0+  ions  and  N^  goes  primarily  with  the  excited  state 
(Reactions  4  and  5).  Using  the  fractional  abundances  determined  above, 

it  is,  therefore,  possible  to  correct  the  observed  cross  sections  for  Reac- 

+  +2 
tion  5  obtained  using  the  total  O  beam  intensity.  For  Reaction  5  (O  (  D) 

+  N O  +  Ng)  we  get,  for  14-eV  ions  colliding  with  the  neutral  particle, 

“  “  -16  2 

a  cross  section  of  29.5  x  10  cm  for  the  pure  O-  case  and  a  cross  sec- 

•1 6  2  “ 

tion  of  30.6  x  10  cm  for  the  oxygen/helium  mixture. 
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Using  a  totally  different  technique  developed  previously  in  this 

laboratory,  '  we  have  determined  the  fractional  abundance  of  O  (  D) 

from  the  attenuation  of  an  0+  beam  in  another  gas  to  be  24%.  This  value 

was  obtained  using  40-eV  electron  energy  in  pure  0„,  Using  this  value 

for  the  fractional  abundance,  we  have  obtained  a  c’oss  section  for  Reac- 

-'i  6  2 

tion  5  at  14  eV  of  26.8  x  10  cm  ■  The  difference  between  this  value 
and  those  determined  above  is  within  experimental  error  and,  therefore, 
indicates  that  our  assumption  of  a  small  cross  section  for  Reaction  6  is 
valid. 

Using  the  fractional  abundances  determined  above,  it  is  possible  to 

obtain  cro6s-secdon  curves  for  the  separate  ion  states  for  each  reaction 

that  is  found  to  proceed  with  large  probability.  The  charge-exc.hinge  cross 

section  leading  to  production  of  N*  is  given  in  Fig.  A3.  The  values  given 

z 

by  this  figure  are  slightly  lower  at  low  energies  than  those  reported  pre- 

(A2)  + 

viously.  Cross  sections  for  the  ion  molecule  reaction  producing  NO 

are  given  in  Table  Al. 

+  2 

Figure  A3  shows  that  the  cross  section  for  the  reaction  of  O  (  D) 

with  N  remains  large  down  to  the  lowest  interaction  energy  studied.  The 

"  +2 
energy  available  in  charge  transfer  with  O  (  D)  is  16,1  eV,  This  energy 

+  2 

is  almost  exactly  that  required  for  formation  of  the  N  in  the  (A,Il  ,  v=l) 

z  u 

+ 

.state.  This  reaction  is,  therefore,  a  source  of  excited  N  ions  in  the  F 

+  "+  2 
region  where  the  O  concentration  is  high.  Decay  of  the  N  (A  H  )  state 

z  u 

produces  Meinel  radiation.  A  discussion  of  how  this  reaction  may  lead  to 

an  enhancement  of  the  Meinel  radiation  observed  from  airglow  has  been 

(A5) 

given  by  Wallace  and  Broadfoot. ' 
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ION  ENERGY  (eV) 


CROSS  SI 

Table  A1 

TION  FOR  0+  +  N2  ^ 

NO+  +  N 

Laboratory 

Energy 

(eV) 

Center  of  Mass 
Kinetic  Energy 
(eV) 

Cross  Section 

.  -16  2. 

(x  10  cm  ) 

1.2 

0.  76 

1.  3 

1.4 

0.89 

1.2 

1.5 

0.95 

1.3 

1.  7 

1.  08 

1.6 

2.  0 

1.27 

1.5 

2.  2 

1.40 

1.  7 

2.5 

1.59 

1.8 

2.  7 

1.  72 

2.  0 

3.0 

1.91 

2.1 

3.2 

2.  04 

2.2 

3.5 

2.23 

2.6 

4.0 

2.55 

2.  8 

4.5 

2.  86 

2.9 

5.0 

3.18 

3.0 

6.0 

3.82 

3.4 

7.0 

4.  45 

3.6 

8.0 

5.  09 

4.0 

9.0 

5.  73 

3.8 

10.0 

6.36 

4.3 

11.  0 

7.  00 

4.6 

12.0 

7.  64 

4.2 

13.  0 

8.  27 

4.4 

14.6 

8.91 

4.  3 

15.0 

9.55 

4.0 

16.0 

10. 18 

3.8 

17.0 

10.  82 

3.5 

18.0 

11.45 

3.2 

19.0 

12.09 

2.  7 

20.0 

12.  73 

2.  2 

21.0 

13.  36 

1.8 

22.0 

14.  00 

1.5 

23.0 

14.  64 

1.3 

24.0 

15.27 

1.0 

25.0 

15.91 

0.80 

26.0 

16.55 

0.  65 

27.0 

17.18 

0.53 

28.0 

17.  82 

0.  44 

30.0 

19.09 

0.  34 

32.0 

20.  36 

0.22 

34.0 

21.  64 

0. 15 

35.  0 

22.  27 

0.  15 
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